Abstract. We present an experimental and theoretical study of GaInAs(Sb)N layers with thickness around 2 μm, grown by liquid-phase epitaxy (LPE) on n-type GaAs substrates. The samples are studied by surface photovoltage (SPV) spectroscopy and by photoluminescence spectroscopy. A theoretical model for the band structure of Sb-containing dilute nitrides is developed within the semi-empirical tight-binding approach in the sp 3 d 5 s*s N parameterisation and is used to calculate the electronic structure for different alloy compositions. The SPV spectra measured at room temperature clearly show a red shift of the absorption edge with respect to the absorption of the GaAs substrate. The shifts are in agreement with theoretical calculations results obtained for In, Sb and N concentrations corresponding to the experimentally determined ones. Photoluminescence measurements performed at 300K and 2 K show a smaller red shift of the emission energy with respect to GaAs as compared to the SPV results. The differences are explained by a tail of slow defect states below the conduction band edge, which are probed by SPV, but are less active in the PL experiment.
Introduction
Dilute nitrides form a novel class of semiconductor alloys, which has emerged from the conventional III-V compounds by doping with small amount of nitrogen. The addition of nitrogen in small concentrations has proven to have a significant influence on their electronic properties, in particular bandgap narrowing and shift of the absorption edge to longer wavelengths. This allows extended band structure engineering and makes the dilute nitrides materials of great interest for a variety of applications in advanced optoelectronic devices [1] . The addition of In in the alloy facilitates the 6 To whom any correspondence should be addressed incorporation of N, while Sb act as a surfactant that reduces the strain-induced defect formation, favours 2D growth and further decreases the bandgap [2] . While the conventional fabrication methods for dilute nitrides are molecular beam epitaxy (MBE) and metalorganic chemical vapour deposition (MOCVD), liquid phase epitaxy (LPE) has recently shown promise in obtaining high-quality dilute nitride layers with lower defect concentrations for optoelectronic applications [3, 4] . This is related to the fact that LPE growth is carried out under near equilibrium conditions which provide high quality material in terms of lifetime, mobility and freedom from defects of the epitaxial layers. In spite of this the LPE technique has been rarely used for growing dilute nitrides alloys and the data on structural, optical and electronic properties of LPE-grown dilute nitride alloys are still scarce. Therefore, these materials need to be extensively studied.
Among the experimental techniques applied to dilute nitrides, surface photovoltage (SPV) spectroscopy has been relatively rarely used [5] [6] [7] although it provides information on the optical absorption spectrum and carrier transport in the sample [8] . Besides, the few reported SPV studies on dilute nitrides concern MBE or MOCVD grown samples. The present contribution partially fills this gap by presenting an original study of the electronic and optical properties of LPE-grown GaInAsN and GaInAsSbN layers based on SPV spectroscopy, combined with photoluminescence (PL) and semi-empirical tight-binding calculations.
Experimental
A series of Ga 1-y In y As 1-x N x and Ga 1-y In y As 1-x-z Sb z N x epitaxial layers were grown by the horizontal graphite slide-boat technique for LPE on (100) n-type GaAs:Si (~10 ) substrates. A flux of Pdmembrane purified hydrogen at atmospheric pressure was used for the experiments. No special baking of the system was carried out before epitaxy. The starting materials for the solutions consisted of 6N pure solvent metals Ga, In, Sb and of polycrystalline GaAs and GaN with purity of 5N. Quaternary Ga 1-y In y As 1-x N x layers with low In content were fabricated from mixed In+Ga melt, while for Ga 1-y In y As 1-x-z Sb z N x layer growth a few percent of Sb were added to the melt. The N content in the melt was 0.5 at.% for all grown layers. Thick epitaxial layers were grown from initial epitaxy temperature varying in the range 590-550˚C at a cooling rate of 0.8˚C/min for 2-3 minutes. The layer thicknesses (1.5-2.5 µm) and compositions were determined using a scanning electron microscope LYRA I XMU (Tescan) equipped with an energy dispersive X-ray (EDX) microanalyzer (Quantax, Bruker). The In content in the layers varies in the range 0.02 ≤ y ≤ 0.03 depending on the melt composition and epitaxy temperatures. Nitrogen content in the layers determined from HRXRD measurements using Vegard's rule is 0.002 ≤ x ≤ 0.003. SPV spectra were recorded at room temperature using the metal-insulator-semiconductor operation mode of the SPV technique [8] . The sample was illuminated by means of a 250 W halogen lamp along with a SPEX grating monochromator (f = 0.25 m, 600 gr/mm) and an optical chopper (94 Hz). The probe electrode was a semitransparent SnO 2 film evaporated on the bottom surface of a quartz glass separated from the sample by a sheet of mica (15 µm). The probe signal with respect to the ground was fed to a high-impedance unity gain buffer and then measured by an SR830 lock-in amplifier. The photon flux was kept constant (≈1.5×10 14 cm
) within ± 0.5 % for all wavelengths, by positioning a neutral density filter with variable optical density. More details about the SPV experimental set-up and measurement procedure can be found in [9] .
PL measurements at 300 K were performed using laser excitation at 532 nm (2.33 eV) with 4 mW (~50W/cm 2 ) power and at 405 nm (3.06 eV) with 50 mW (~4.5kW/cm 2 ). The signal was detected by a Si detector in the former case and by a CCD camera in the latter case. PL at 2K was also measured with 532 nm excitation. In this case a much lower excitation power (~100 mW/cm 2 ) was enough to obtain a strong PL signal, which was detected by a CCD camera.
The microscopic lattice structure related to the incorporation of N in InGaAsN alloys was studied by micro-Raman spectroscopy using Jobin Yvone LabRAM HR800 spectrometer and laser excitation at 632 nm. 
Theoretical calculations
The electronic structure of Ga 1-y In y As 1-x N x and Ga 1-y In y As 1-x-z Sb z N x was calculated using the semiempirical tight-binding (TB) method for dilute nitrides in the sp 3 d 5 s * s N parameterization, including the spin-orbit coupling [10] . The effects of the addition of nitrogen on the band structure were considered independent from those of In and Sb [11] , allowing us to use the virtual crystal approximation for the TB parameters of the GaInAsSb quaternary. Quadratic corrections were introduced to account for the large GaAsSb band gap bowing parameter of 1,43 eV [12] . The N-related TB parameters previously derived for the Ga 1-y In y As 1-x N x and GaP 1-x N x dilute nitride alloys were used [11] , with valence band offsets with respect to GaAs of 0.21 eV, 0.77 eV, and 0.80 eV for the unstrained InAs, GaSb, and InSb, respectively [12] . The bandgap reduction with respect to pure GaAs was calculated for N, In, and Sb concentrations in the expected experimental range (x ≤ 0.01; y ≤ 0.10; z ≤ 0.02).
Results and discussions
In figure 1a the SPV amplitude spectrum of a Ga 1-y In y As 1-x N x sample is compared with its PL spectrum and the SPV spectrum of the GaAs substrate. The small undulations in the SPV spectrum are due to the interference effects caused by the mica sheet. A clear red shift of the absorption edge with respect to GaAs is evidenced by the comparison of the SPV spectra. To assess the bandgap of the material we plot the square of the SPV vs photon energy, which for the ideal case of a bulk semiconductor should give a straight line resulting from the shape of the 3D combined density of states. In the present case we consider the linear part of the obtained curve and extrapolate the straight line to find its intersection with the abscissa, which is assumed to be the bandgap, E g . For the current sample E g = 1.328 eV and therefore the bandgap shift E g with respect to GaAs (E g =1.423 eV) is 95 meV. The same result (within the experimental error) is obtained by using Tauc plot assuming that SPV is proportional to the absorption coefficient. On the other hand the PL peak position is at 1.362 eV, i.e. 34 meV higher that the bandgap determined from the SPV results.
In figure 1b the SPV amplitude spectrum of a Ga 1-y In y As 1-x-z Sb z N x sample is compared with its PL spectrum and the SPV spectrum of the GaAs substrate. The bandgap determined from the SPV curve is 1.312 eV. Therefore the bandgap shift E g with respect to GaAs is 111 meV in this case. The PL peak appears at 1.357 eV, i.e. 45 meV higher than the bandgap determined from the SPV results. than that from PL by some 30-45 meV depending on the sample. This is a kind of "anti-Stokes shift" and is opposite to the Stokes shift between SPV and PL reported in [6] for Ga 1−y In y As 1−x N x samples with y = 0.72 and x ranging from 0.009 to 0.017. A few Ga 1-y In y As 1-x N x samples were measured by PL at 2K. A typical 2K PL spectrum is represented by solid line in figure 2 , together with the room temperature SPV (circles) and PL (dashed line) spectra. For the purposes of comparison the origin of the energy axis is set at the GaAs bandgap at the corresponding temperature, namely 1.519 eV for 2K and 1.423 eV for 300 K. This way we compare the shifts with respect to the GaAs bandgap rather than the bandgaps themselves. The 2K PL spectrum reveals a peak at -51 meV and a tail from its low-energy side with many small peaks on it. The PL peak obtained at 300 K is much broader but is located at the same energy position as the 2K PL peak. Therefore the PL peaks at 2K and 300 K show the same bandgap red shift of 51 meV with respect to the GaAs bandgap at the corresponding temperature. The SPV spectrum reveals the usual step. Applying the procedure described above gives a bandgap shift with respect to GaAs of 83 meV. Thus, again a discrepancy between SPV and PL results is observed (32 meV in the present case) indicating higher bandgap transition energies for PL. A tentative explanation of these discrepancies is presented below. In an ideal case all N atoms introduced in the crystal take places of As atoms. In figure 3 by means of micro-Raman spectroscopy N-induced local mode is observed in the range 440 to 460 cm -1 providing evidence for the formation of In-N bonds. In practice the N atoms take various positions in the crystal lattice as well as form clusters. This results in a series of defect states, some of which are in the bandgap. We assume that these states are slower with respect to recombination (e.g because the electron has to overcome an energy barrier before recombination) than the extended states in the conduction band. The light intensity in the SPV experiment is much lower than that in the PL one. So, with increasing photon energy, SPV probes first these states and as a result gives a relatively low optical transitions energy. On the other hand under laser excitation, which is the case of the PL experiment, these states are filled with electrons. As they are less effective for radiative recombination, the PL mainly probes states with higher energies, which are faster and more effective for emission. Thus, the PL peak appears at higher energies than the bandgap obtained by SPV. The existence of a tail of defect states in the bandgap is evidenced by the low-energy tail of the 2K PL spectrum. If there is an activation barrier for radiative recombination via the slow centres, the low temperature makes further difficult the overcoming of this barrier. Similar PL results were obtained in [13] for GaAs 1-x N x (x ~ 0.25%) and explained by localized and delocalized defect states below the GaAs conduction band. A continuous distribution of shallow defect states located just below the conduction band edge of Ga 1-y In y As 1-x N x is reported in [14] . 
Conclusion
An original study of the optical properties of thick LPE grown GaInAs(Sb)N layers is presented. The absorption features, measured by SPV spectroscopy, are compared with results obtained by PL and tight-binding calculations in terms of bandgap shift with respect to GaAs. The bandgap shifts found by SPV are of the order of 80-95 meV for the samples without Sb and around 100-110 meV for the samples containing Sb. They are in good agreement with the calculation results, while the bandgap shifts determined by PL are 30-45 meV lower. This is explained by the existence of a tail of slow defect states just below the conduction band edge, which are probed by SPV, but are less active in the PL experiment. This work demonstrates the ability of the SPV technique as an alternative of the optical absorption spectroscopy for studying dilute nitride materials. The obtained results contribute to better understanding of the physical properties of dilute nitrides grown by LPE and their potential for optoelectronic applications.
